Raman spectroscopy complimented with infrared spectroscopy has been used to study a series of selected natural halogenated carbonates from different origins including bastnasite, parisite and northupite. The position of CO 3 2-symmetric stretching vibration varies with mineral composition. An additional band for northupite at 1107 cm -1 is observed. Raman spectra of bastnasite, parisite and northupite show a single band at 1433, 1420 and 1554 cm -1 respectively, assigned to the ν 3 (CO 3 ) 2-asymmetric stretching mode. The observation of additional Raman bands for the ν 3 modes for some halogentaed carbonates is significant in that it shows distortion of the CaO 6 octahedron No ν 2 Raman bending modes are observed for these minerals. The band is observed in the infrared spectra and multiple ν 2 modes at 844 and 867 cm -1 are observed for parisite. A single intense infrared band is found at 879 cm -1 for northupite. Raman bands are observed for the carbonate ν 4 in phase bending modes at 722 cm -1 for bastnasite, 736 and 684 cm -1 for parisite, 714 cm -1 for northupite. Multiple bands are observed in the OH stretching region for selected bastansites and parisites indicating the presence of water and OH units in the mineral structure. The presence of such bands brings into question the actual formula of these halogenated carbonate minerals.
Introduction
There are a number of halogen containing carbonates including bastnaesite (often written as bastnasite and bastnäsite) [(Ce,La)CO 3 1 . Many of the minerals have been known for a very long time [2] [3] [4] [5] [6] [7] . The authors have published some spectroscopic results of phosgenite [8] [9] [10] . In addition minerals based upon hydroxbastnasite are also known but little or no information is available for this mineral [11] [12] [13] . The importance of the first two minerals is that the minerals are a source of rare earths including lanthanum, yttrium and cerium. Bastnäsite is one of three carbonate-fluoride minerals. There is bastnäsite-(Ce) with a formula of (Ce, La)CO 3 F. There is bastnäsite-(La) with a formula of (La, Ce)CO 3 F. There is also bastnäsite-(Y) with a formula of (Y, Ce)CO 3 F. Most bastnäsite is bastnäsite-(Ce), and cerium is by far the most common of the rare earths in this class of minerals. Bastnäsite is closely related to the mineral parisite; both are rare earth fluorocarbonates. Parisite formula varies depending upon the locality of origin and may be generalized as [Ca(Ce,La,Nd) 2 (CO 3 )F 2 ]. Bastnasite forms a series with the mineral hydroxylbastnasite. This latter mineral has a formula [(Ce,La)CO 3 (OH,F)] in which hydroxyl units substitute for the fluorine.
The crystal structures of these halogenated carbonates have been studied [14] [15] [16] . The crystal structure of parisite is said to be rhombohedral but the structure depends on the compostion and origin of the mineral 14, [17] [18] [19] [20] [21] . The infrared spectra of bastnasite, parisite and northupite have been published 22, 23 . According to Farmer 1 , bastnasite is hexagonal and the carbonate units lie on the 6(h) sites with point symmetry C s . The internal modes of the carbonate ion are symmetrical with little evidence of splitting. In the infrared spectra, the only evidence of symmetry reduction is the appearance of a low intensity band in the ν 1 position. The infrared spectra of parisite has ben said to show low site symmetry and the presence of more than one carbonate type in the unit cell. Adler and Kerr observed splitting of ν 1 and ν 4 vibrational modes 22 . Farmer states that northupite has a highly symmetrical structure and is a rare example of a carbonate with a cubic structure 1 . The structure is complex with 16 formula units in the face-centred cubic cell. As a consequence of the reductuion in symmetry from D 3h to C 3 , all bands are both infrared and Raman active.
Raman spectroscopy has proven very useful for the study of minerals [24] [25] [26] . Indeed Raman spectroscopy has proven most useful for the study of diagentically related minerals as often occurs with carbonate minerals [27] [28] [29] [30] [31] . Some previous studies have been undertaken by the authors using Raman spectroscopy to study complex secondary minerals formed by crystallisation from concentrated sulphate solutions 32 . Very few spectroscopic studies of the halogenated carbonates has been forthcoming and what studies that are available are not new. Few Raman studies of any note are avilable 33, 34 . The aim of this paper is to present Raman and infrared spectra of natural halogenated carbonates including bastnasite, hydroxybastnasite, parisite and northupite and to relate the Raman spectra to the structure of the mineral. The paper is a part of systematic studies of vibrational spectra of minerals of secondary origin in the oxide supergene zone and their synthetic analogs.
Experimental

Minerals
Selected minerals were obtained from the Mineral Research Company and other sources including Museum Victoria. The samples were phase analysed by Xray diffraction for phase analysis and for chemical composition by EDX measurements.
Raman microprobe spectroscopy
The crystals of halogenated carbonates were placed and oriented on the stage of an Olympus BHSM microscope, equipped with 10x and 50x objectives and part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a filter system and a Charge Coupled Device (CCD). Raman spectra were excited by a HeNe laser (633 nm) at a nominal resolution of 2 cm -1 in the range between 100 and 4000 cm -1 . Repeated acquisition using the highest magnification was accumulated to improve the signal to noise ratio. Spectra were calibrated using the 520.5 cm -1 line of a silicon wafer. Previous studies by the authors provide more details of the experimental technique. Details of the technique have been published by the authors [35] [36] [37] [38] .
Mid-IR spectroscopy
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 cm -1 range were obtained by the co-addition of 64 scans with a resolution of 4 cm
and a mirror velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.
Spectral manipulation such as baseline adjustment, smoothing and normalisation were performed using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, USA). Band component analysis was undertaken using the Jandel 'Peakfit' software package which enabled the type of fitting function to be selected and allows specific parameters to be fixed or varied accordingly. Band fitting was done using a Lorentz-Gauss cross-product function with the minimum number of component bands used for the fitting process. The Gauss-Lorentz ratio was maintained at values greater than 0.7 and fitting was undertaken until reproducible results were obtained with squared correlations of r 2 greater than 0.995.
Results and discussion
Spectroscopy of carbonate anion
Nakamoto et al. first published and tabulated the selection rules for unidenate and bidentate anions including the carbonate anion 39 . The free ion, CO 3 2-with D 3h symmetry exhibits four normal vibrational modes; a symmetric stretching vibration (ν 1 ), an out-of-plane bend (ν 2 ), a doubly degenerate asymmetric stretch (ν 3 ) and another doubly degenerate bending mode (ν 4 ). The symmetries of these modes are A 1´ (R) + A 2´´ (IR) + E´ (R, IR) + E´´ (R, IR) and occur at 1063, 879, 1415 and 680 cm -1 respectively. Generally, strong Raman modes appear around 1100 cm -1 due to the symmetric stretching vibration (ν 1 ), of the carbonate groups, while intense IR and weak Raman peaks near 1400 cm -1 are due to the asymmetric stretch (ν 3 ). Infrared modes near 800 cm -1 are derived from the out-of-plane bend (ν 2 ). Infrared and Raman modes around 700 cm -1 region are due to the in-plane bending mode (ν 4 ). This mode is doubly degenerate for undistorted CO 3 2-groups 39 . As the carbonate groups become distorted from regular planar symmetry, this mode splits into two components 39 . Infrared and Raman spectroscopy provide sensitive test for structural distortion of CO 3 2- .
Raman Spectroscopy
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The Raman spectra of bastnasite, hydroxybastnasite and parisite are shown in Figure 1 . The Raman spectra of nourthupite and a bastnasite from Norway is shown in Figure 2 . The Raman spectra of bastnasite is characterised by a single intense band at 1096 cm -1 for the Pakistan mineral and 1085 cm -1 for the mineral from Canada. The position of the band for the bastnasite from Norway is 1097 cm -1 . The variation of the band position is a function of the chemical composition of the mineral. Farmer (page 278) clearly shows the variation of the ν 1 band position as a function of the cation ionic radius 1 . Fundamentally the higher the ionic radius the lower the wavenumber of the symmetric stretching mode. Adler and Kerr based upon their infrared data observed two bands in the (CO 3 ) 2-symmetric stretching region 22 . These authors proposed that the carbonate units were not all equivalent in the structure of bastnasite. This resulted in the doubling of the ν 1 mode of bastnasite. However in this work only a single band is observed in the Raman spectrum of each of the bastnasites studied. Thus this brings into question the conclusions of Adler and Kerr 22 . The Raman spectrum of hydroxybastnasite shows a low intensity band at 1053 cm -1 which is very low for the symmetric stretching mode of the (CO 3 ) 2-ion. The position of this band indicates the presence of cations with a large ionic radius in the mineral compoistion. The assignment of the intense Raman band at 965 cm -1 is not known; however the band is not observed in the spectra of the other halogenated carbonates. A likely assignment is to the OH deformation mode of hydroxybastnasite. Interestingly in the paper by Hong et al, a band at 967 cm -1 which the authors attributed to a carbonate bending mode is more likely assigned to a OH deformation mode 34 . If this is the case then the mineral described is a hydroxybastnasite. This brings into question the formulation of the minerals in this work. The Raman spectrum of parisite for the two USA samples shows two intense bands centred at 1088 cm -1 . Evidence of splitting of this band is observed. Two bands are observed at 1086.5 and 1090.5 cm -1 ; a result which is in agreement with the results for the infrared spectra of parisite where two bands at 1088 and 1078 cm -1 were observed 22 . The Raman spectrum of northupite shows two intense sharp bands at 1107 and 1115 cm -1 (Figure 2b ). Farmer, based upon the infrared spectra of Adler and Kerr did not report the band position for the carbonate symmetric stretching mode of carbonate of northupite 1 . The observation of two bands in the position of the symmetric stretching modes does not neccessarily mean that there are two non equivalent carbonate units in the structure.
In the Raman spectrum of bastnasite from Pakistan two low intensity bands are observed at 1504 and 1432 cm -1 . These bands are assigned to the ν 3 (CO 3 )
2-asymmetric stretching mode. For the Canadian bastnasite only a very low intensity band at 1433 cm -1 is observed and for the bastnasite from Norway a band at 1445 cm -1 is observed (Figure 2a and 2b) . For the parisite mineral a low intensity broad band at 1420 cm -1 is found. Adler and Kerr reported a sigle band at 1443 cm -1 for bastnasite and 1449 cm -1 for parisite 22 . In the Raman spectrum of northupite ( Figure 2 ) a low intensity band at 1554 cm -1 is observed. Adler and Kerr reported an infrared band at 1464 cm -1 22 . The fact that only a single band is observed for northupite in the asymmetric stretching position supports the conclusion that the symmetry of the carbonate anion in the northupite structure is preserved. Otherwise multiple bands in the asymmetric stretching region would be observed. In the work of Hong et al. in the Raman spectra of fluorinated carbonates, ν 3 asymmetric stretching modes were observed at 1538 and 1525 cm -1 for one sample and at 1516 and 1461 cm -1 for a second sample 34 .
The infrared spectra of selected bastnasite, hydroxybastnasite, parisite and northupite minerals are shown in Figures 3 and 4 . The infrared spectra of the two bastnasite minerals are not exactly the same. The spectrum of bastnasite from Canada shows no intensity in the 1088 cm -1 position whereas the infrared spectrum of the pakistan bastnasite shows a band at 1088 cm -1 attributed to the (CO 3 ) 2-ν 1 symmetric stretching mode. Adler and Kerr observed the ν 1 band for bastnasite at 1086 cm -1 22 . It is interesting that two bands are observed for hydroxybastnasite at 1099 and 1038 cm -1 . The first band is assigned to the (CO 3 ) 2-ν 1 symmetric stretching mode whereas the band at 1038 cm -1 is more likely ascribed to a OH deformation mode 40, 41 . In the infrared spectra of the two parisite minerals from the USA a low intensity band is observed at around 1072 cm -1 . It is probable that this band is due to the (CO 3 ) 2-ν 1 symmetric stretching mode. Farmer reported this band at 1078 cm -1 1 . No infrared band was observed in the spectra of northupite (Figure 4 ). The lack of intensity at around 1088 cm -1 is significant in that it means that the carbonate anion in this mineral is symmetric. It is interesting that Adler and Kerr also did not observe a band for northupite in this position. Hong et al. reported carbonate symmetric stretching modes for fluorinated carbonates at 1088 cm -1 34 . In the third example in this paper the authors reported three bands at 1075, 1088 and 1095 cm -1 for a fluorinated carbonate. Their work supports the conclusion that the Raman spectrum of fluorinated carbonates is composition dependent.
It is worthwhile to compare these results with other carbonate minerals such as the minerals of the rosasite group [40] [41] [42] [43] . For rosasite two intense Raman bands are observed at 1096 and 1056 cm -1 . In the infrared spectrum two intense bands are observed at 1096 and 1046 cm -1 with an additional band at 1023 cm -1 . The first band at 1096 cm -1 is assigned to the ν 1 symmetric stretching mode of the carbonate unit. Bands have been observed in the infrared spectra of malachite at 1095 cm -1 and 1090 cm -1 for azurite 44, 45 . The infrared spectrum of hydrocerrusite showed an intense band at 1090 cm -1 9 . Interestingly the (CO 3 ) 2-ν 1 band of the rosasite minerals should not be infrared active. However because of symmetry reduction of the carbonate anion the band becomes activated. The intense Raman band observed at 1096 cm -1 for rosasite is assigned to the ν 1 (CO 3 ) 2-symmetric stretching vibration. The intense Raman band at 1056 cm -1 is assigned to the δ OH deformation mode. The corresponding infrared band at 1046 cm -1 is even of greater intensity.
In the infrared spectrum of bastnasite a complex spectral profile is observed centred upon 1400-1420 cm -1 . For the bastnasite from Pakistan two bands may be resolved at 1419 and 1327 cm -1 ; for the mineral from Canada three bands may be observed at 1486, 1402 and 1310 cm -1 . Adler and Kerr reported a single band at 1443 cm -1 for bastnasite 22 . The bands in this region for parisite appear to depend upon the origin and consequential compostion of the mineral. For the parisite from Norway a single band at 1411 cm -1 is observed. Adler and Kerr reported an infrared band at 1449 cm -1 for parisite 22 . For the parisite from the Snowbird mine (USA) two bands may be resolved at 1432 and 1352 cm -1 and for the second USA mineral two bands are observed at 1466 and 1367 cm -1 . In the infrared spectra of northupite some asymmetry of the band is found and two bands may be resolved at around 1443 and 1390 cm -1 . A previous study reported an infrared band at 1464 cm -1 . The spectra of northupite in contrast to that of bastnasite and parisite shows the structure of nothupite is highly symmtrical 46 .
The symmetry of the carbonate anion for the mineral northupite is also reflected in the ν 2 bending region where a very sharp band at 879 cm -1 is observed. This is exactly the same position first reported by Adler and Kerr 22 . In contrast the band in this position for bastnasite is asymmetric and two bands may be resolved at 865 and 845 cm -1 . For the mineral hydroxybasenite, the symmetry is reduced and two low intensity bands are observed at 798 and 779 cm -1 . The ν 2 bending mode is readily observed at 873 cm -1 for the Norway parisite mineral sample. In contrast for the two USA parisite mineral samples two distinct bands are observed at around 866 and 844 cm -1 . For the mineral northupite a single very intense Raman band at 879 cm -1 is observed. This band position is in excellent agreement with that reported by Adler and Kerr 22 .One conclusion that can be made is that the observation of one or more bending modes depends on the chemical composition of the halogenated carbonate. The presence of a large cation in the structure reduces the symmetry of the carbonate anion. In the table XXXIV in Farmer's treatise only single bands between 868 and 879 cm -1 are listed 1 .In the Raman spectrum of both bastnasite and parisite no intensity is observed in the 840 to 870 cm A comparison may be made with other carbonate minerals including rosasite and hydrocerrusite. The mineral rosasite shows two intense infrared bands at 870 and 818 cm -1 . These bands are assigned to the ν 2 bending modes of the (CO 3 ) 2-units. The first band is not Raman active as is observed by the absence of any intensity in this position. A Raman band is observed at 817 cm -1 which corresponds to the infrared band at 818 cm -1 . The infrared spectrum of malachite shows two bands at 820 and 803 cm -1 ascribed to (CO 3 ) 2-ν 2 bending modes as does azurite at 837 and 817 cm -1 44 . Hydrocerrusite infrared spectrum shows two bands at 850 and 834 cm -1 .
In the infrared spectrum of northupite a low intensity band at 714 cm -1 is observed. Adler and Kerr also determined a band at 711 cm -1 for northupite 22 . This band is assigned to the ν 4 bending mode. The band is observed at 729 cm -1 for the bastnasite from Pakistan and at 722 cm -1 for the Canadian sample. Farmer in his treatise shows that there is a relationship between the position of the ν 4 mode and the ionic radius of the cation in the carbonate structure 1 . The variation in the position of the ν 4 band reflects the composition of the bastnasite. Two bands are observed for hydroxybastnasite at 602 and 569 cm -1 . Whether these bands are ascribable to the ν 4 mode is uncertain. For the parisite mineral from Norway multiple bands are observed in the ν 4 region. Bands are observed at 789, 736, 739 and 712 cm -1 . For the two USA parisite minerals two bands atre observed at 736 and 677 cm -1 (Snowbird mine) and at 736 and 684 cm -1 (F&S Mine). In the Raman spectrum of bastnasite a very low intensity band is observed at 735 (Pakistan) and 719 cm -1 (Canada). Two Raman bands are observed for the Snowbird mine parisite mineral sample at 682 and 742 cm -1 . A comparison of this spectral region may be made with other carbonate minerals. For rosasite a number of infrared bands are observed at 776, 748 and 710 cm -1 . These bands are assigned to the ν 4 (CO 3 ) 2-bending modes. In the Raman spectrum, bands are observed at 751 and 719 cm -1 . For malachite two infrared bands are observed at 748 and 710 cm -1 which are assigned to this ν 4 (CO 3 ) 2-bending vibration 44, 45 . Another mineral with similar formulation to rosasite, hydrozicite has infrared bands in this region at 738 and 710 cm -1 . The infrared spectrum of hydrocerrusite has ν 4 (CO 3 )
2-bending modes at 700, 687 and 676 cm -1 .
A number of low wavenumber bands are observed for parisite at around 263 and 152 cm -1 (Snowbird) and 304, 258 and 161 cm -1 (F&S Mine). A number of low intensity bands are also observed in the Raman spectra of hydroxybastnasite and bastnasite. The bands are best described as lattice modes. For the halogen containing carbonates the halogen is a single ion and any internal modes involving F would be observed in this spectral region. Hong et al. reported bands for some rare earth fluorides and fluorinated carbonates 34 .
The Raman spectra of selected halogen containing carbonates in the 3000 to 4000 cm -1 region are shown in Figure 5 . Two minerals show no Raman intensity in this spectral region, namely the Canadian bastnasite and the parisite from Norway. The Raman spectrum of the hydroxybastnasite from Malawi shows several bands at 3741, 3535, 3430, 3352 and 3317 cm -1 . For this mineral OH units replace F in a complex structure. It is possible that all of this et of bands is attributable to OH stretching vibrations. Aleksandrov described two types of bastnasites namely fluorobastnasite and hydroxybastnasite 47 . Another paper described the IR spectra in this spectral region with no detail except to state bands were observed 13 . The Raman spectrum of the Pakistan bastnasite displays bands in similar positions at 3651, 3620, 3526, 3355, 3276, 3169 and 3203 cm -1 . The three higher wavenumber bands (3651, 3620, 3526 cm -1 ) are most likely assignable to OH stretching vibrations. Raman spectra of a Chinese bastnasite has been published but no spectral information is available for comparison in this spectral region 33 . Another study reported some Raman data for rare earth carbonates 34, 48 . However no spectral information in the OH stretching region was reported. For the mineral parisite broad bands in the OH stretching region are observed. Three bands for the S&M Mine parisite are observed at 3516, 3310 and 3178 cm -1 . For the Snowbird mine parisite four Raman bands are observed at 3661, 3517, 3316 and 3180 cm -1 .
One possibility is that these bands (3316 and 3180 cm -1) are due to the OH stretching vibration of strongly hydrogen bonded water rather than OH units. The two bands at 3661, 3517 may be assigned to OH modes of hydroxyl units. The Raman spectra in this region bring into question the actual formula of the minerals for both bastnasite and parisite. It is apparent that OH units substitute for F in the mineral structures. How much substitution remains to be determined. Further it is apparent that water is involved in the structures as the lower wavenumber bands are typical of strongly hydrogen bonded water molecules. Thus the results of the Raman spectroscopy imply water is involved in the molecular structure of these minerals. A generalised formula of these minerals is written as [Ca(Ce,La,Nd) 2 (CO 3 )F 2 ]. Raman spectroscopy suggests a formula [(Ce,La)CO 3 (OH,F).xH 2 O] is much more appropriate.
Conclusions
Halogenated carbonates especially bastnasite and parisite are used for the production of metals such as Ce, La and Y. Raman spectroscopy has been used to characterise a suite of halogenated carbonates from different origins including bastnasite, hydroxybastnasite, parisite and northupite. The spectra of the minerals is dependent upon the mineral and its formulation. The halogenated carbonates are characterised by (CO 3 ) 2-symmetric stretching modes in the 1078 to 1090 cm -1 range. Two low intensity bands at 1504 and 1432 cm -1 for bastnasite are assigned to the ν 3 (CO 3 ) 2-asymmetric stretching mode. Two bands at 865 and 845 cm -1 for bastnasite are assigned to the ν 2 (CO 3 )
2-bending mode.
Raman spectroscopy shows both the presence of water and OH units in certain selected minerals from this group even though the suggested formula does not show any OH units being present. Raman spectroscopy supports the concept that the position of the (CO 3 ) 2- bands is a function of the chemical composition of the halogenated mineral. Farmer (pp 278) showed that the (CO 3 ) 2-symmetric stretching band varied according to the ionic radius of the cation 1 . Raman spectroscopy supports the concept that the symmetry of the carbonate anion is maintained in the structure of bastnasite, parisite and northupite, even though many minerals have significant amounts of Ce, La or Y in the formula. The carbonate anion in the mineral hydroxybastnasite is of lower symmetry. Figure 1 Raman spectra of bastnasite, hydroxybastnasite, parisite in the 100 to 1800 cm -1 region. Figure 2a Raman spectra of northupite and bastnasite in the 100 to 1800 cm -1 region. Figure 2b Raman spectra of northupite and bastnasite in the 1000 to 1200 cm -1 region. Figure 3 Infrared spectra of bastnasite, hydroxybastnasite, parisite in the 500 to 1600 cm -1 region. Figure 4 Infrared spectra of bastnasite and northupite in the 500 to 1600 cm -1 region. Figure 5 Raman spectra of bastnasite, hydroxybastnasite, parisite in the 3000 to 4000 cm -1 region. 
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